Abstract. Hurricanes, as one of the most devastating natural disasters, have posed great threats to people in coastal areas. A 10 better understanding of spatiotemporal dynamics of human settlement in hurricane-prone areas is demanded for sustainable development. This study uses the DMSP/OLS nighttime light (NTL) data sets from 1992 to 2013 to examine human settlement development in areas with different levels of hurricane proneness. The DMSP/OLS NTL data from six satellites were intercalibrated and desaturated with AVHRR and MODIS optical imagery to derive the vegetation-adjusted NTL urban index (VANUI), a popular index that quantifies human settlement intensity. The derived VANUI time series was examined with the 15 Mann-Kendall test and Theil-Sen test to identify significant spatiotemporal trends. To link the VANUI product to hurricane impacts, four hurricane-prone zones were extracted to represent different levels of hurricane proneness. Aside from geographic division, a wind-speed weighted track density function was developed and applied to historical North Atlantic Basin (NAB)-origin storm tracks to better categorize the four levels of hurricane proneness. Spatiotemporal patterns of human settlement in the four zones were finally analyzed. The results clearly exhibit a north-south and inland-coastal discrepancy of human 20 settlement dynamics. This study also reveals that both the zonal extent and zonal increase rate of human settlement positively correlate with hurricane proneness levels. The intensified human settlement in high hurricane-exposure zones deserves further attention for coastal resilience.
Introduction
Hurricane, a specific type of tropical cyclone with maximal wind speed of 74 miles per hours or higher, is one of the most devastating natural disasters in the world and is recurring more frequently than ever in coastal areas (Vecchi and Knutson, 2018) . Tropical cyclones threating the Conterminous United States (CONUS) are mostly originated from North Atlantic Basin (NAB) that includes the North Atlantic Ocean, Caribbean Sea and Gulf of Mexico, and Eastern Pacific Basin (EPB) that covers 5
Northeastern Pacific (east of 140 o W and north of the equator) (Goldenberg, 2001) . Historically, more NAB-origin hurricanes have landed on the U.S territories, dramatically affecting people living in Gulf coasts and Atlantic coasts. While the EPBorigin storms occasionally visited the southwestern CONUS, by the time they landed they usually degraded to tropical cyclones due to the long travel distance and cold water in coastal California (Chenoweth and Landsea, 2004) . hurricanes that included two major hurricanes. Hurricane Florence for example, as a major hurricane in 2018, has caused severe economic damage to North Carolina ($22 billions), South Carolina ($5.5 billions) and Virginia ($1 billion) (Krupa, 2018) . The widespread storm surge and extensive floods from extreme rainfall largely crippled public infrastructures and impacted all segments of society. Noticeable increase in the number of NAB-origin hurricanes since late 1980s has been observed (Vecchi and Knutson, 2018) . Even though it is partly due to improved monitoring (Villarini et al., 2011) , the increased 20 intensity and duration of these disasters have posed great threats to people residing in the U.S. Atlantic and Gulf Coasts (Landsea et al., 2010) .
Despite these threats, the U.S. southeastern region has experienced significant population growth in recent decades. 25 Population in Florida, North Carolina and South Carolina, for instance, has increased by 61.2%, 43.6% and 54.3% respectively since 1990 (U.S Census Bureau, 2018). The densely populated coastal areas are receiving higher threats than ever (Crosset, 2005) . In these hurricane-prone areas, better understanding of the temporal and spatial dynamics of human settlement is needed for advanced damage assessment and sustainable urban planning.
Satellite-based observations have been widely applied in investigating urban dynamics as remote sensing provides spatially 30 explicit information of urbanization process. Extensive application has been made utilizing multispectral sensors that record the reflectance of ground features to categorize different land covers, thus allowing the delineation of urban extent (Xu, 2008; Zha, 2003) . This type of remotely sensed imagery, however, relies on the reflective characteristics of all land objects on ground, thus lacking the perspective on human activities. In comparison, Satellite-derived nighttime light (NTL) data provides a unique and direct observation of human settlement via night lights. Natural land covers are distinctively dark in NTL imagery. 35 Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2019-64 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Nighttime remote sensing has been increasingly used for analyzing socioeconomic dynamics and urbanization process at national and regional levels Ghosh et al., 2010) , thanks to their light-only sensitivity, large spatial coverage (Imhoff et al., 1997) , easiness to acquire (Lu et al., 2008 ) and consistency over a long term (Elvidge et al., 1999) .
Among all the satellite-derived NTL products, the NTL data obtained by Operational Linescan System (OLS) via the U.S.
Air Force Defense Meteorological Satellite Program (DMSP), hereafter referred as DMSP/OLS NTL, is the most commonly 5 used due to its long-time span (more details in next section). Extensive attempts have been made to harvest the NTL observations from DMSP/OLS in applications including urban expansion and decay (Lu et al., 2018) , settlement dynamics (Elvidge et al., 1999; Yu et al., 2014) , socioeconomic development (Doll et al., 2000) and energy consumption (Chand et al., 2009 ). Recent studies enhanced the NTL products by fusing DMSP/OLS NTL data with natural land cover characteristics such as the Normalized Difference Vegetation Index (NDVI) to reduce the light saturation problem. This fusion greatly increased 10 the DMSP/OLS NTL potential in discriminating the human settlement structures (Lin et al., 2014; . The improved DMSP/OLS NTL products provide a valuable resource for monitoring large-coverage and long-term urbanization dynamics.
The goal of this paper is to illustrate the use of DMSP/OLS NTL data in 1992-2013 to monitor urbanization process and hurricane impacts on the U.S. Atlantic and Gulf coasts. Hurricane-prone areas were first derived by calculating the track 15 density from historical storm tracks in the NAB. An intercalibrated DMSP/OLS NTL time series were built in a yearly interval.
Assisted with the NDVI data, the Vegetation Adjusted NTL Urban Index (VANUI) was fused to characterize human settlement intensities in the study area. After that, a trend analysis was conducted to identify areas with significant increase of human settlement intensity in different zones, in which the potential hurricane impacts were statistically evaluated. The spatiotemporal changes of human settlement in hurricane-prone zones provide valuable information to analyze damage and disaster migration 20 and to support decision making of urban development.
DMSP/OLS NTL and human settlement indices
The DMSP/OLS satellites are operated by U.S Air Force (USAF) and are composed of six satellites (F10, F12, F14, F15, F16 and F18) in the period of 1992-2013. With a 3,000 km orbit swath, they acquired the OLS imagery from −65° to 65° in latitude at a nominal resolution of 30 arc second (around 1 km at the Equator) (NOAA Earth Observation Group, 2018). The temporal 25 coverages of the six satellites are summarized in Table 1 . (Pandey et al., 2013) and has been adopted in many studies (Liu and Leung, 2015; Huang et al., 2016) . In this study, we intercalibrate the DMSP/OLS NTL data using the same method.
Another notable limitation of DMSP/OLS NTL is the saturation of luminosity in the 6-bit (DN in a range of 0-63) imagery (Letu et al., 2010) . Among the numerous attempts to mitigate its saturation effect, a commonly used vegetation index, NDVI, 10 has been proven promising (Zhou et information from multiple centers into one product. As majority of the storms around on the CONUS are formed in the NAB (Fig. 1) , we only examined the NAB-origin storms along the U.S. Atlantic and Gulf Coasts. A total of 655 storm tracks containing 18,929 line segments (with an attribute of wind speed) were downloaded in this study. 
DMSP/OLS NTL series and NDVI series
The DMSP/OLS NTL products used in this study are the version 4 Stable Lights series in a 22-year span (1992-2013). The DMSP/OLS NTL data were obtained from National Centers for Environmental Information website (https://ngdc.noaa.gov/eog/dmsp/downloadV4composites.html). The version 4 DMSP/OLS Stable Lights product has already excluded sunlit, glare, moonlit, cloud coverage and lighting. Ephemeral events such as wildfires also has been discarded. In 10 this study, one composite each year in the CONUS was produced from each satellite. When two satellites were available in certain years, a combined composite in this year was derived using the method described in Section 4.2. All DMSP/OLS NTL images were resampled to the 1 km pixel size.
In the same period of 1992-2013, the NDVI products in the CONUS from two satellite sensors were used in this study: the annual MVC product was derived from the MODIS NDVI series by selecting the maximum NDVI value in each year. It was also resampled to 1 km pixel size. Water bodies contained in both datasets were masked out using MODIS MOD44W product.
Methods

Delineation of hurricane-prone zones 10
The delineation of hurricane-prone zones is based on the retrieved 655 NAB-origin storms landed on the CONUS. An area with higher hits of historical storms is expected to be more hurricane prone. We also assume a generally positive relationship between wind intensity of a storm and its impact. At a given location (i,j), a circular neighborhood (R) centered at this location was assigned. For all line segments of storm tracks falling in this neighborhood, the storm track density was calculated as a line density of all segments weighted by their wind speeds: 15
where , denotes the weighted line density at location ( , ). , and , denote the length of a line segment r and corresponding wind speed, respectively. The storm track density was then normalized to a range of [0,1], with a higher value indicating higher hurricane proneness.
To simplify the process for zonal analysis, we objectively categorized the normalized storm track density into four zones from 20 low to high hurricane proneness: Zone 4 (0-0.2), Zone 3 (0.2-0.5), Zone 2 (0.5-0.7) and Zone 1 (0.7-1.0).
Intercalibration (DMSP/OLS NTL series; NDVI series) and VANUI calculation
We adopted the Elvidge et al. (2009) 
where and are regression coefficients. VANUI has a range of [0,1]. In general, higher proportion of human settlements in a pixel leads to higher NTL and lower NDVI, both contributing to a higher VANUI. Therefore, the VANUI serves as a proxy of intensity of human settlement.
Trend analysis of human settlement
The VANUI series in a 22-year span shed lights on spatiotemporal development of human settlement. We performed the trend 25 analysis by applying Mann-Kendall test (Mann, 1945) coupled with Theil-Sen slope estimator (Sen, 1968) . The Mann-Kendall test statistically assesses if there is a significant monotonic upwards or downwards in the time series. Given the 22-year VANUI series, the Mann-Kendall test first computes statistics (Mann, 1945 ): respectively according to the signs of ( − ). The variance of ( ) is further computed as:
where denotes the number of tied groups and denotes the number of observations in the th group. Finally, a value is 5 calculated as:
The value in Eq. 
Hurricane-prone zones
The 655 NAB-origin storms landed on the CONUS (mostly along Atlantic and Gulf coasts) are presented in Fig. 1a . The derived wind speed-weighted track density in the study area is presented in Fig. 2b . Based on the density levels, we divided 25 the track density map into four hurricane-prone zones that represent different levels of hurricane impacts: the highest impacts 
Intercalibration results of DMSP/OLS NTL series and NDVI series 10
The reference site for intercalibration is composed of an urban stripe from Los Angeles to San Diego, CA in the southwest end of the United States (Fig. 3a) . Agreeing with Elvidge et al. (2009) , the histograms of all NTL images in this area exhibit a sharp, bimodal distribution (urban vs. non-urban) with limited temporal variation. This confirms that it is a valid reference site for intercalibration of NTL images. Among the three example scatterplots between the NTL data in three years and the F162007 reference, the F162006 data show the highest agreement with the reference as they were acquired by the same satellite (Fig.   3b1 ). The F101992 data (Fig. 3b2 ) exhibit less agreement due to its different satellite origin and a long time interval from 2007. However, a 2 of 0.949 still warrants a decent agreement for calibration. Fig. 3b3 demonstrates the necessity of a secondorder regression instead of a linear one. The regression equations and intercalibration coefficients for all years are listed in Table 2 . 5 The inter-calibration of in the three overlaying years is shown in Fig. 4a (AVHRR) and Fig. 4b (MODIS) . Via visual interpretation, overall the MODIS product has higher peak NDVI than AVHHR. The regression shows a linear relationship between the two products ( 2 = 0.934) with = 1.1835 and = −0.1037 (Fig. 4c) . The histograms (Fig. 4d) demonstrate that the calibration process has shifted the AVHRR histogram to the right, making it more comparable 5 with MODIS. 
The VANUI time series 5
An example VANUI map (1992) for the entire the study area is shown in Fig. 5a , in which red color represents high VANUI value (high human settlement intensity) while blue color means the opposite. Several subsets of the VANUI maps in year 1992, 2002 and 2013 are displayed to demonstrate more details in densely populated urban clusters: Philadelphia (Fig. 5b) , Charlotte (Fig. 5c) , Atlanta (Fig. 5d), Houston (Fig. 5e) and Orlando (Fig. 5f) . Interestingly, City of Philadelphia (Fig.5b Oppositely, the southern and southeastern cites have experienced intensified human settlement characterized by expanded city perimeters and intensified urban cores. Houston (Fig. 5e) , for instance, reveals dramatic increase of human settlement.
Again, this observation is well supported by the population boost per the census records, with an increasing rate of 19.8% in 
Spatiotemporal patterns of human settlement and hurricane impacts
In each hurricane-prone zone, the yearly percentage lit pixels (VANUI> 0) sheds light on land development on a yearly basis, leading to better understanding of the process of human settlement facing different degrees of hurricane impacts. The inter-annual fluctuation of total lit-pixel numbers exists in all zones, presumably due to the uncertainties introduced from the calibration of DMSP/OLS NTL series and NDVI series. Bearing these noises, Fig. 6 presents the general trends of lit pixel 5 percentage in each zone. The lit pixel percentage varies in different zones, revealing a rank of Zone 1 (48.5%) followed by Zone 2 (45.4%), Zone 3 (41.6%) and Zone 4 (31.6%). Urban development was favored and prioritized in coastal regions, which were also the zones facing higher hurricane impacts.
As Fig. 6a (Zone 1) and Fig. 6b (Zone 2) suggest, the extent of human settlement in both zones increased significantly from 1992 to 2013, indicating consecutive land development in these highly hurricane-prone zones. The trends in both zones follow 10 a logarithmic relationship that increased sharply in earlier years then slowed down. Located on the frontmost land-sea border, Zone 1 receives the most frequent and intense hurricane hits, yet its degree of fitness (coefficient of determination 2 = 0.898) was higher than that of Zone 2 ( 2 = 0.791) in logarithmic regressions. With increased land development, we can conclude that the hurricane impacts on human settlement in these two zones are becoming more severe due to their higher hurricaneexposure. Zone 3 and Zone 4 are located further away from coastal front. Although slight increase lit pixel percentage could 15 be visually observed for Zone 3 (Fig. 6c) and Zone 4 (Fig. 6d) , their logarithmic trends are not statistically significant at confidence level = 0.05 and therefore, the regression lines are not marked in these figures. The Mann-Kendall trend test coupled with Theil-Sen slope estimator extracted the areas with significant change (increase 5 or decrease) of human settlement in the 22-year period. Zonal statistic was also summarized in the four hurricane-prone zones (Table 3 ). The net increase area calculates the area difference between pixels with significant increasing and decreasing trend.
The net increase zonal percentage represents the percentage of net increase area in each predefined hurricane-prone zone. As Table 3 suggests, 4.22% of the area in Zone 1 experienced significant increase in human settlement, followed by 2.34% in Zone 2, 2.08% in Zone 3 and 1.65% in Zone 4. The statistics above suggests a noticeably positive relationship between the 10 hurricane proneness of each zone and its percentage of area with significant increase in settlement. The sum of Theil-Sen slope, on the other hand, established the relationship between the hurricane proneness and the increase rate of settlement in each zone. Zone 1 receives the most hurricane hits, but has the strongest increase of settlement intensity, followed by Zone 2, Zone 3 and Zone 4. When all zones are considered, the study area along the Atlantic and Gulf coasts receives a net increase rate of 2.22%. a Net increase area in each hurricane-prone zone denotes the area difference in this zone between pixels with significant increasing trend and pixels with significant decreasing trend in their VANUI series. Metro Atlanta, Georgia (Fig. 7b1-b2 ) and Metro Dallas, Texas (Fig. 7c1-c2) . For both cities, urban areas in 1992 were extracted from the Enhanced National Land Cover Data 1992 (NLCDe 92) released by U.S. Geological Survey (USGS) (https://water.usgs.gov/GIS/metadata/usgswrd/XML/nlcde92.xml), in which all classes including low intensity residential; high intensity residential; commercial/industrial/transportation and forest residential were counted as urban areas. Significant 15 urban expansion can be observed for both cities but with different spatial patterns. Metro Atlanta expanded in a ring form while Metro Dallas expanded in all directions except southwest. Growth of human settlement was also observed for small towns surrounding urban clusters.
For areas with significant Mann-Kendall trend, the Theil-Sen slope indicates the change rate of human settlement (either upwards or downwards). In Fig. 7b2 and Fig. 7c2 a All administrative boundaries of selected MSAs were derived from U.S Census Bureau: https://www.census.gov/geo/maps data/data/cbf/cbf_msa.html. MSAs in the south were selected from Southeast and Gulf South of U.S and therefore, Washington-Arlington-Alexandria and Baltimore-Columbia-Towson were regarded as north MSAs in this study.
The ongoing intensification on human settlement in high hurricane-exposure areas especially in the U.S. southeastern region potentially leads to the escalation in flood-induced losses. Despite the fact that the driving factors are complex and unclear, they reflect the micro to macro levels of socioeconomic development that has been prioritized in high hurricane-exposure areas in the last decades. Additionally, intensification of human settlement always couples with anthropogenic environmental 5 changes (deforestation, wetland destruction, etc.), potentially resulting in more severe impacts during hurricanes. Although the investigated period of this study stops at year 2013 due to the termination of DMSP/OLS satellites, intensification of human settlement in areas with high hurricane-exposure (like Zone 1) is expected to continue and might even accelerate. In alignment with economic recovery, studies have shown escalated population shift towards the Atlantic and Gulf coast, after the stalling during the recession (Neumann et al., 2015) . 
Conclusion
This study examined the spatiotemporal dynamics of nighttime satellite-derived human settlement in 1992-2013 in four zones at different levels of hurricane proneness on the U.S. Atlantic and Gulf Coasts. The hurricane-prone zones were delineated 10 based on historical NAB-origin storm tracks from 1851-2016 via a wind speed weighted track density function. A three-step intercalibration framework was applied to intercalibrate the multi-satellite DMSP/OLS NTL series, and the NDVI-desaturated NTL products were extracted to derive VANUI, a popular index representing human settlement intensity. Mann-Kendall trend and Theil-Sen slope were further applied to identify the existing trend in the 22-year period.
Zonal statistics indicate that in the frontmost zones along the coast, i.e., Zone 1 and Zone 2 receiving the most frequent 15 hurricane hits, human settlement intensity has dramatically increased although the change rate has slowed down since the early 2000s. The increase was not significant in areas farther away from the coasts (Zone 3 and Zone 4). Via trend analysis, an areal percentage of 4.22% in Zone 1 experienced significant increase in settlement intensity, followed by 2.34% in Zone 2, 2.08% in Zone 3 and 1.65% in Zone 4, revealing higher pressure of human settlement and thus impacts from hurricanes in the frontmost coastal areas. Different from the zonal partitions, opposite trends of human settlement were observed from north 20 (decreasing) to south (increasing) of the study region, which are supported by decadal census records. These opposite trends agree with the "Snow Belt-to-Sun Belt" U.S population shift reported in other studies. Along the Atlantic and Gulf coasts, the ongoing intensification of anthropogenic environmental changes coupled with more frequent and severe hurricanes is likely to cast more severe pressure on coastal resilience. 
